Here, we present further characterization of cryptococcal CUF1 in copper homeostasis. We demonstrated that CUF1 was involved both in copper acquisition and in copper detoxification in response to copper variation. This was verified by direct measurement of the quantity of intracellular copper with flame atomic absorption spectrometry (FAAS) and molecular evidence. In copper-limited growth, the mutant cuf1D exhibited copper deficiency, growth defect on glycerol and sensitivity to hydrogen peroxide and methionine. A novel function of cryptococcal CUF1 is revealed in copper detoxification when copper is in excess. The mutant cuf1D showed severe hypersensitivity to exogenous copper, while a high level of copper was accumulated shown by FAAS, suggesting that CUF1 may be required in copper export events. On cloning of cDNA, it was found that Cuf1 distinguishably harbors functional elements that are found in Ace1 and Mac1 of Saccharomyces cerevisiae. The regulation of copper homeostasis by Cuf1 is realized by its subcellular localization. Epifluorescence microscopy observed that, upon copper depletion, Cuf1 was localized exclusively to the nucleus as an activator for CTR4 transcription, while it was located to the cell periphery in the presence of exogenous copper. This work reveals a unique copper regulator and may provide insights into the copper metabolism in fungi.
Introduction
The opportunistic pathogen Cryptococcus neoformans is the causative agent of cryptococcosis in immunocompromised patients, for example people with AIDS, cancer patients and organ transplant recipients (Mitchell & Perfect, 1995; Idnurm et al., 2005) . The major clinical manifestation of cryptococcosis is a life-threatening meningoencephalitis (Kwon-Chung & Bennett, 1992) . Molecular and biochemical studies in the past decades have demonstrated that several virulence attributes are crucial for C. neoformans infection. The ability to grow at the host body temperature, 37 1C, is considered to be a prerequisite for proliferation in vivo (Nichols et al., 2007) . A copper-containing polyphenolic oxidase laccase can catalyze the polymerization of proper substrates, for example L-dopa and norepinephrine, to form a pigment melanin (Williamson, 1994; Panepinto et al., 2009) , which is believed to protect the yeast cells from attacks of the host immune system (Noverr et al., 2004; Zhu & Williamson, 2004) . A high-molecular-weight polysaccharide capsule made by the pathogen has immunosuppressive activity and may prevent the pathogen from phagocytosing (Doering, 2009; Gates-Hollingsworth & Kozel, 2009; Zaragoza et al., 2009) . The loss of these traits results in reduced virulence, or even avirulence, in animal cryptococcosis models (Salas et al., 1996; Chang & KwonChung 1998) .
Transition elements such as copper are essential trace nutrients for aerobic organisms, including most eukaryotic microbial pathogens. Copper serves as a cofactor in a variety of enzymes that play important roles in the cell, for example cytochrome c oxidase, superoxide dismutase (Sod), ferrous oxidase and tyrosinase (Linder, 1991) . However, in excess, copper is extremely toxic to the cells. Organisms have developed a subtle regulation of copper metabolism (Rees & Thiele, 2004; Lallioti et al., 2009) .
Investigations from the model organism Saccharomyces cerevisiae indicate that in the core of the regulatory machinery are the copper-dependent transcription factors that activate downstream target genes in response to copper variation in the media (Lalioti et al., 2009 ). In the yeast, when copper is depleted, a transcription factor Mac1 activates a set of genes, including copper high-affinity transporters CTR1 for the uptake of copper (Jungmann et al., 1993) . In contrast, in the presence of extra copper, the copper-resistant metallothionein gene CUP1 will be activated by another transcription regulator Ace1 to sequester the copper ions for detoxification (Thiele, 1988; Keller et al., 2005) . As opposed to the two regulator systems in baker's yeast, there is only a single transcription factor in other fungi, for example Amt1 from Candida glabrata (Thorvaldsen et al., 1993) and S.p-Cuf1 from Schizosaccharomyces pombe (Lalioti et al., 2009) . Many organisms including C. neoformans have no metallothionein genes, as indicated by finished genome projects. Amt1 and S.p-Cuf1 have been demonstrated to be involved in copper acquisition, but not in copper detoxification. The copper detoxification process remains elusive in these fungi.
As a nutrient, copper may have particular biological importance for C. neoformans, considering that virulence factors, the Cu/Zn-Sod1 and the laccase all require copper as a cofactor in their action (Williamson, 1994; Cox et al., 2003) . How the pathogen acquires a sufficient amount of copper ions within the host is an intriguing issue. Early work in C. neoformans suggests that copper homeostasis has a critical influence on the biosynthesis of virulence factors and virulence (Torres-Guerrero & Edman, 1994; Nyhus & Jacobson, 1999; Jiang et al., 2009) . For instance, some of the laccase-deficient mutants could be restored by copper to produce melanin (Torres-Guerrero & Edman, 1994; Jiang et al., 2009) . A disruption mutant of the CLC-type chloride channel gene CLC-A resulted in a loss of laccase activity, which was rescued by copper (Zhu & Williamson, 2003) . CLC-A function was later shown to be essential for copper homeostasis (Zhu et al., 2010) . In fact, a putative copperdependent transcription factor Cuf1 was defined to play a role in laccase induction by copper and virulence in the serotype A strain H99 (Waterman et al., 2007; Jiang et al., 2009) . However, whether cryptococcal CUF1 has a role equivalent to that of Ace1 or Mac1 in regulating copper homeostasis has not been clearly proven.
In this report, we present the functional characterization of the roles of CUF1 in copper homeostasis. We found that Cuf1 contains novel structural and functional characteristics. By flame atomic absorption spectrometry (FAAS), we demonstrated that Cuf1 is indeed involved in both copper high-affinity acquisition and copper detoxification. Cloning of the entire length of CUF1 cDNA showed that Cuf1 contains the structural hallmarks of both Ace1 and Mac1 of S. cerevisiae. Epifluorescence microscopy showed that Cuf1 mediation of copper detoxification is associated with its cellular periphery localization, indicating a differential strategy of copper detoxification in C. neoformans.
Materials and methods

Strains, media and culture conditions
Cryptococcus neoformans serotype A strain H99 (ATCC 208821) was used as the wild-type strain in this study. cuf1D (H99 cuf1<URA5) is a targeted knockout mutant of CUF1 in H99 and the complemented C contains a wild-type copy of CUF1 that was transformed back to cuf1D (Waterman et al., 2007; Jiang et al., 2009) . Yeast cells were usually grown on YPD (1% yeast extract, 2% peptone and 2% glucose) at 30 1C. YPG (3% glycerol, 1% yeast extract and 2% peptone, 2% agar) was used to test growth on nonfermentable carbon sources. Synthetic minimal medium, Asn salt liquid (0.1% asparagine, 0.3% KH 2 PO 4 , pH 5.2) or agar (with 2% agar) was used for the sensitivity test to copper and to determine the amount of intracellular copper (see the figure legends).
Determination of intracellular copper using FAAS
To verify the effect of CUF1 on copper acquisition, FAAS was used to determine the intracellular quantity of copper by following the previous description (Rae et al., 1999; Zhu et al., 2010) . In brief, yeast cells grown overnight in liquid YPD were collected to inoculate 25 mL liquid Asn salt media (2% glucose) supplemented separately with 0, 5 or 50 mM CuSO 4 , to OD 600 nm 0.1, and incubated at 30 1C for 45 min. Cells were harvested and washed three times with ddH 2 O, which was treated beforehand with Chelex-100 (Bio-Rad Laboratories Inc., Hercules, CA). Cells 2 Â 10 8 were lyophilized and resuspended in 2 mL nitric acid and heated at 85 1C until the solution became clear. The quantity of copper in the cells was determined using a Hitachi 180-80 AAS machine following the manufacturer's instructions (Hitachi Ltd, Japan). Wild-type strain H99 and the complement were used as a control in parallel. The assay was performed in triplicate, and error was expressed as the SD.
Sensitivity of cuf1D to superoxide and the determination of Cu/Zn-SOD activity Studies in S. cerevisiae have demonstrated that resistance to superoxide involves the Cu/Zn-SOD function (Jamieson, 1998) . We checked whether cuf1D was sensitive to superoxide and measured the enzymatic activity for superoxide dismutase (SOD) in the mutant. An aliquot of 10 5 fresh cells was dropped into YPD agar containing the superoxide generator 1 mg L À1 menadione at 30 1C for 2 days. To examine the SOD activity in the mutant, fresh cells were collected and washed twice with pre-cold 0.01 M phosphate buffer (pH 7.0). Cells were resuspended in 0.2 mL of the icecold phosphate buffer and were broken by vortex in the same volume of glass beads at 4 1C. The mixture was separated by centrifugation at 4 1C and the supernatant was transferred to a new Eppendorf tube for an SOD assay. Total protein in each sample was determined using the conventional Bradford assay following the manufacturer's instructions (DingGuo Biotechnology Co. Ltd, Beijing, China). The SOD activity was determined following the description of Nedevaa et al. (2009) , with minor optimizations. Briefly, 20 mL of the cell extract was added to 3.98 mL of the reaction solution [13 mM methionine, 75 mM nitroblue tetrazolium (NBT), 2 mM riboflavin, 100 mM EDTA and 50 mM phosphate buffer, pH 7.8] and allowed to react for 20 min. The A 560 nm reading was taken following Biowave DNA (Biochrom, Cambridge, England). The enzymatic activity is defined as 1 U being equal to the amount of the enzyme that prevents 50% NBT from actinic deoxidization. The measurement was repeated three times. The specific activity of each sample was calculated as SOD units per mg protein. Error was expressed as the SD.
Sensitivity of cuf1D to hydrogen peroxide (H 2 O 2 ) and catalase enzymatic activity in cuf1D
Similarly, studies in S. cerevisiae have also demonstrated that copper is essential for resistance to H 2 O 2 , which is the function of catalase in the cell (Jungmann et al., 1993) . cuf1D was tested for the sensitivity to 0.008% H 2 O 2 . Fresh cells were streaked on a YPD plate containing H 2 O 2 at 30 1C for 2 days (Fig. 1b) . The catalase activity in the mutant was further determined according to Aebi (1984) and Giles et al. (2006) , with minor modifications. In brief, 0.1 mL of crude protein extract was mixed with 0.4 mL H 2 O 2 (0.2 M) in 0.5 mL phosphate buffer (0.01 M, pH 7.0) for 1 min. The reaction was then stopped by the addition of 2 mL acetate-potassium dichromate (0.169 M potassium dichromate/acetate 1 : 3 v/v). The reaction mixture was placed in boiling water for 10 min. The absorbance of the samples was read at A 570 nm using Biowave DNA. The catalase activity K was calculated using the equation: K = 2.3/t Â lg(A blank /A sample ) (Aebi, 1984; Giles et al., 2006) . The number 2.3 in the equation is a constant and t is the reaction time (60 s in this case). The assay was carried out in triplicate. Error was indicated as the SD.
Cloning of CUF1 cDNA by reverse transcription (RT)-PCR
To determine the structural basis that accounts for the unique regulation by Cuf1, we cloned its entire length cDNA using RT-PCR. Total RNA was prepared as described by Jiang et al. (2009) . Approximately 1 mg total RNA was used to synthesize the first strand of the cDNA, using oligo-(dT) 15 as a primer supplied with the TIANScript M-MLV Kit (Tiangen Co. Ltd, Beijing, China). A 2-mL aliquot of the cDNA mixture was taken and served as a template for the subsequent PCR amplification. Two pairs of primers, CUF-Sal I/CUF-S1 and CUF-Sph I/CUF-S2, with the sequences 5 0 -GGGCCCGTCGACATGGTGCT CATTAACGAC/5 0 -CTCCATTCTCAAGATTGGCA and 5 0 -TG GTTGGTCTTCCTACGCTG/5 0 -GGGCCCGCATGCACATTTG GACCATTGGATGG, respectively, were designed for the amplification of CUF1 cDNA, which gave rise to two overlapping fragments: 0.8-and 0.9-kb products. The PCR was performed using the TaKaRa BcaBEST TM RNA PCR Kit [TaKaRa Biotechnology (Dalian) Co. Ltd, Dalian, China]. The two fragments were subjected to restriction by SalI/ HindIII and HindIII/SphI separately, and were ligated by T4 ligase to each other and to the cloning vector pYES2.0, which was digested with SalI and SphI. The obtained clones were verified by sequencing (Jingong Biotechnology, Shanghai, China). The cDNA sequence has been deposited to GenBank (accession no. FJ644709.1).
Subcellular localization of Cuf1 by epifluorescence microscopy
To illustrate how Cuf1 is able to modulate copper metabolism under two opposite circumstances, we monitored the subcellular localization of Cuf1. We first constructed a Cuf1-GFP fusion protein. The GFP ORF was derived from pGFP-CNLAC (Zhu et al., 2001) . A pair of primers for GFP ORF amplification was GFP-Bam/GFP-Spe with sequences 5 0 -GCCGGATCCATGAGTAAAGGAGAAG/5 0 -GGGCACTAGT TTTGTATAGTTCATCCATG. Based on the CUF1 cDNA sequence, the GFP fragment was inserted between the amino acids 580 and 581 of Cuf1 with the introduction of two restriction sites of BamHI and SpeI. Two pairs of primers for amplifying CUF1 fragments upstream and downstream of the junction site were CUF1-Xba/CUF1-BamH, 5 0 -GACTC TAGACTTATGCCGTCACCATCGTG/5 0 -GAGGATCCAGT GAATCTGCAGGTGA), and CUF1-Spe/CUF1-Xho, 5 0 -GCGACTAGTTTCTATGGCTGTTCA/5 0 -TTAGCTCGAGA TCAGAGAAGGCATGGCGT. H99 genomic DNA was used as a template. The resulting plasmid pBS-Cuf1-GFP was subject to sequencing to ensure that the junction sites were correctly ligated.
To verify the function of the fusion protein Cuf1-GFP, plasmids pBS-Cuf1-GFP and pBS-HYG harboring the marker hygromycin B-resistant gene were linearized by XhoI and cotransformed into the mutant cuf1D by electroporation. Transformants were screened on YPD agar containing 50 mg mL À1 hygromycin B. Two transformants, GFP-1 and GFP-2, were picked and showed a normal growth on Asn agar containing 3% glycerol as the sole carbon source, suggesting that Cuf1-GFP functioned properly. CUF1-GFP mRNA was detected by RT-PCR, confirming that the transformants obtained a functional copy of CUF1. cuf1D transformed with the vector pBS-HYG alone served as a control; it did not grow on 3% glycerol and no CUF1 mRNA was detected. For epifluorescence microscopy, cells of the transformants were grown in liquid YPD for 18 h. Cells were washed twice and transferred to Asn agar containing CuSO 4 (5 or 25 mM), AgNO 3 (2 mM) or BCS (20 or 100 mM) overnight at 30 1C. Cells were stained using 4 0 ,6-diamidine-2 0 -phenylindole dihydrochloride (DAPI) (Roche Diagnostics, Indianapolis, IN) to locate the nucleus. Microscopic observations were performed using a Nikon Eclipse 80i microscope with a 100 Â Uplan Apo objective and appropriate filter cubes (Nikon Corp., Kanagawa, Japan). Cells were visualized after excitation with 450-490 nm of light for GFP or 330-380 nm of light for DAPI with a 520-nm cutoff filter or differential interference contrast. Images were captured using a DS-Ri1 digital cooled Nikon camera (Nikon Corp.).
Results
Requirement of Cuf1 for copper uptake under copper-limited conditions
The quantity of the intracellular copper in the strains was determined by FAAS (Rae et al., 1999; Zhu et al., 2010) .
When the cells were grown in the copper-limited medium (Asn salt), the intracellular copper in the mutant cuf1D was barely detectable (o 0.05 10 À6 g per 2 Â 10 8 cells) (Fig. 2a) . The amounts of copper in the wild type and the reconstituted strain were 1.11 AE 0.04 and 1.07 AE 0.03 10 À6 g per 2 Â 10 8 cells, respectively. This result demonstrates that the disruption of CUF1 causes copper deficiency in cuf1D and that CUF1 plays a critical role in copper acquisition.
Fungal cells defective in copper uptake are unable to utilize nonfermentable carbon sources such as glycerol, ethanol or acetate (Jungmann et al., 1993; Labbe & Thiele, 1999) . We found that the mutant cuf1D was unable to grow on 3% glycerol (Fig. 2b) . The addition of CuSO 4 (5 mM) to the medium rescued the growth (Fig. 2b, bottom panels) . In both cases, the wild-type H99 and the reconstituted strain grew properly. Once again, this assay confirmed that Cuf1 is essential for copper uptake. Sensitivity of cuf1D to oxidative stress due to decreased Sod1 and catalase activity To see whether CUF1 was important in oxidative stress, we examined the growth of cuf1D on H 2 O 2 or menadione. The mutant cuf1D completely failed to grow on YPD agar containing 1 mg L À1 menadione, a superoxide generator, whereas the wild-type H99 and the complement strain grew properly and exhibited resistance to menadione (Fig. 1a) . This suggests that the cellular Cu/Zn-Sod1 that is responsible for the degradation of super-oxygen ions is demolished due to the copper deficiency in cuf1D (Labbe & Thiele, 1999) . We therefore checked the enzymatic activity for Sod1 in cuf1D. The enzymatic activity in cuf1D declined significantly to 9.2 AE 2.1 U, compared with 28.2 AE 6.4 U in H99 (30 1C) (Fig. 1b) . The complement strain restored Sod1 activity (26.3 AE 4.7 U). A similar result was obtained for cells grown at a higher temperature, 37 1C. The Sod1 activity in H99 was 65.9 AE 10.0 U and the complement strain was 64.7 AE 11.3 U, whereas the mutant was only 24.1 AE 16.1 U. Decreased Sod1 activities in cuf1D demonstrate again that CUF1 is crucial for copper uptake, which in turn is required for Cu/Zn-Sod1 activity. Concomitantly, cuf1D manifests hypersensitivity to H 2 O 2 (Fig. 3a) . The metal-containing catalase is responsible for the decomposition of H 2 O 2 to H 2 O and O 2 , and requires copper homeostasis for its activity (Jungmann et al., 1993) . In cuf1D, the activity of catalase decreased considerably in comparison with that of the wild type and the complement (Fig. 3b) .
Roles of Cuf1 in copper stress and accumulation of copper in cuf1D
We further found that CUF1 is required not only for copper acquisition in copper scarcity, but for copper detoxification under copper-repletion conditions as well. The mutant cuf1D was highly sensitive to exogenous CuSO 4 and was killed by 100 mM or higher concentrations of CuSO 4 in Asn salt (Fig. 4a) . The wild type and the reconstituted strains were able to survive. High concentrations of ferrous ions also had a similar toxic effect on the mutant (data not shown). This observation revealed that cryptococcal CUF1 is involved in copper/iron detoxification in C. neoformans. The quantification of the intracellular copper by FAAS was conducted for cuf1D grown in the presence of exogenous copper (see Materials and methods). When cells were grown in 5 mM CuSO 4 (final concentration), the quantity of copper in cuf1D was 2.70 AE 0.02 10 -6 g per 2 Â 10 8 cells, significantly higher than that of the wild type (1.61 AE 0.03 10 -6 g in 2 Â 10 8 cells) (Fig. 4b) . The reconstituted strain restored the intracellular copper to a level close to that of the wild type. A similar result was obtained for the strains grown in 50 mM CuSO 4 (Fig. 4b) . This experiment indicates that the disruption of CUF1 leads to copper 
Cuf1 harbors structural hallmarks of both Ace1 and Mac1
To characterize the structure of the peptide encoded by CUF1, we cloned the entire length of CUF1 cDNA from serotype A strain H99 by RT-PCR (accession no. FJ644709.1). The cDNA defines an ORF for a peptide of 591 amino acids, the largest fungal copper-dependent regulator reported to date (Fig. 5a ). Its N-terminal 63-aa region shares high identity (52%) to Ace1 of S. cerevisiae and Amt1 of C. glabrata (Thorvaldsen et al., 1993) . A copper-fist DNAbinding domain was also defined in this region (Thiele, 1988; Huibregtse et al., 1989) . Within the N-terminal region of Cuf1, positioning of the seven cysteine residues and the DNA minor groove-binding motif KGRP are conserved (Fig.  5b) . Given that both Ace1 and Amt1 regulate genes for copper detoxification, this structural feature may provide an explanation for the role of Cuf1 in copper detoxification in C. neoformans. Moreover, two cysteine-rich motifs equivalent to that found in Mac1 for copper sensing in S. cerevisiae are located in the C-terminus of Cuf1 (Jungmann et al., 1993; Keller et al., 2005) . One of the motifs, CRM-I, 346 C-X-C-X 3 -C-X-C-X 2 -C-X 2 -H, is identical to REP-I of Mac1 (Fig. 5a ). This structural feature of Cuf1 may account for its double functions in mediating copper homeostasis.
Copper-dependent subcellular localization of Cuf1
To determine how Cuf1 modulates copper homeostasis under different copper conditions, we monitored the subcellular localization of the Cuf1-GFP fusion protein using epifluorescence microscopy (see Materials and methods). Transformation of Cuf1-GFP into cuf1D restored its growth defect on Asn agar containing 3% glycerol as the sole carbon source and confirmed that the Cuf1-GFP fusion protein functioned properly (Fig. 6a) . RT-PCR also verified the transcription of Cuf1-GFP in the transformants (Fig. 6a,  bottom panel) . Cells containing the Cuf1-GFP cassette were grown either in copper-limiting (Asn and Asn plus BCS) or in copper-repletion media (5 or 25 mM CuSO 4 ) and examined by epifluorescence microscopy. In the cells grown in Asn alone, or in Asn supplemented with 20 mM BCS (copper chelator), Cuf1-GFP was exclusively localized to the nucleus. Interestingly, in cells grown in 5 mM CuSO 4 , the majority of Cuf1-GFP was distributed at the periphery of the cells (Fig.  6b, bottom panels) . A similar cellular distribution pattern of Cuf1-GFP was confirmed for cells cultured in 25 mM copper or 2 mM silver ions (AgNO 3 ) (data not shown). The nuclear localization of Cuf1 reinforces the view that Cuf1 acts as a transcription factor in copper depletion. On the other hand, the peripheral localization of Cuf1-GFP in high copper supports the earlier observation in this report that Cuf1 may be involved in copper export. In short, regulation of Cuf1 on copper homeostasis is associated with its subcellular localization.
Discussion
Copper homeostasis is particularly important for virulence of the human pathogenic yeast C. neoformans, considering that this fungus has two major copper-containing virulence factors: laccase and Cu/Zn-Sod1 (Salas et al., 1996; Cox et al., 2003) . In this paper, we demonstrated that the copperdependent transcription factor CUF1 is the key regulator in copper homeostasis in C. neoformans. We found that CUF1 actually functions both in copper acquisition and in copper detoxification. When C. neoformans was cultured from copper-limited media, such as the minimal Asn salt, the mutant cuf1D contained drastically less intracellular copper than did the wild type and the complemented strains, as measured by FAAS (Fig. 1a, upper panel) . Copper deficiency in cuf1D was further verified by the fact that the mutant was unable to grow on 3% glycerol, but the addition of 5 mM CuSO 4 restored this ability (Fig. 1b) . The Cu/Zn-Sod and the catalase activities were diminished in cuf1D as a consequence of the disruption of copper homeostasis (Figs 1  and 3 ). Taken together, these results show that Cuf1 is essential for copper acquisition when the cells need the element. This is likely realized via the activation of the copper high-affinity transporter gene, CTR4, by Cuf1 (Graden & Winge, 1997; Waterman et al., 2007) . This functional role of Cuf1 is similar to that of Mac1 of S. cerevisiae (Jungmann et al., 1993) . It should be noted that our observation in oxidative stress test differs from a previous report indicating that cuf1D seemed to be dispensable for oxidative stress resistance (Waterman et al., 2007) . This distinction may be caused by a lower concentration of H 2 O 2 (1 mM, $0.003%) used in that report. In this study, we adopted 0.008% H 2 O 2 in the test, which was routinely used by the others for the baker's yeast (Jungmann et al., 1993) . We also found that a lower concentration of menadione (1 mg L À1 ) could yield a difference in sensitivity to this Before carrying out the epifluorescence microscopy, the function of the Cuf1-GFP fusion protein was tested. Cuf1-GFP restored the growth of cuf1D in two randomly picked transformants (GFP-1 and GFP-2) on 3% glycerol (upper panels). cuf1D transformed with pBS-HYG alone did not grow. CUF1 mRNA was also confirmed in the two transformants GFP-1 and GFP-2 by RT-PCR, which generated a 0.7-kb product. The actin gene ACT1 mRNA (GenBank accession no. U10867) was used as an internal control (a 0.5-kb PCR product). (b) Subcellular localization of Cuf1-GFP associates with copper variation by epifluorescence microscopy. The upper and the middle panels show the nuclear localization of Cuf1-GFP from copper-limited growth media. Cells were cultured on Asn agar (upper panels), or Asn supplemented with 20 mM BCS (middle panels), and in 5 mM CuSO 4 (bottom panels). Cells were cultured on Asn agar supplemented with BCS or 5 mM copper. GFP fluorescence images (left panels), DAPI staining images (panels second to left), merged images of GFP and DAPI (panels second to the right) and differential interference contrast images (DIC, right panels) are indicated. Photos were taken using a Nikon Eclipse 80i microscope.
chemical between the mutant and the wild type. A higher concentration of menadione (e.g. 2 mg L À1 ) used in that report killed all the strains (data not shown).
On the other hand, we found a novel function for CUF1 in copper detoxification in a stress situation. cuf1D exhibited an extreme sensitivity to high concentrations of copper (and iron as well, data not shown) (Fig. 4a) . In the meantime, the intracellular copper quantity measured by FAAS revealed an unexpectedly high level of copper in cuf1D cells when cells were cultured in copper-supplemented media (e.g. 5 or 50 mM). cuf1D cells contained nearly twofold more copper than that found in H99 and the reconstituted strain (Fig.  4b) , which may account for the killing of the mutant by the copper. In fact, this result still implies that copper detoxification in C. neoformans is likely carried out by an excretion pathway other than the sequestration pathway by the Ace1/metallothionein. This strategy may be shared by those organisms lacking metallothionein-like genes such as C. neoformans. In fact, a copper export machinery has long been known in mammalian cells and was reported recently in the bacterial pathogen Mycobacterium tuberculosis (Gupta & Lutsenko, 2009; Ward et al., 2010) , although it may not be exactly identical to the one in C. neoformans.
We showed that the regulation of copper homeostasis by Cuf1 is likely realized by the alternation of its subcellular localization, a means used by numerous regulatory proteins. The nuclear localization of Cuf1-GFP supported the role of Cuf1 as the transcriptional activator of CTR4 when needed (Fig. 6b) . Conversely, the shift of Cuf1-GFP to the cellular periphery in response to extra copper supports the idea that a copper export event is in charge of copper detoxification in C. neoformans.
Cuf1 participation in both copper high-affinity uptake and copper detoxification is, to our knowledge, unique. This point is supported by the finding that the peptide encoded by CUF1 carries combinatory structural motifs from both Ace1 and Mac1 plus a long C-terminal end ( Fig. 5a and b) . Over the N-terminal region, Cuf1 shares 52% identity to the copper detoxification regulator Ace1 in S. cerevisiae ( Fig. 5b ; Thiele, 1988) . In the C-terminal region, two cysteine copper-sensing motifs on the copper uptake regulator, Mac1, are also defined ( Fig. 5a ; Keller et al., 2005) . These structural features provide a molecular basis for the double functions of Cuf1 and for the subcellular localization in response to copper variation. It is worth noting that the sequence of H99 Cuf1 (this study) differs from the one annotated for serotype D strain JEC21 in the GenBank, which contains 543 amino acids (CNG02270; Waterman et al., 2007) . H99 Cuf1 has a long C-terminal sequence with 48 amino acids that are missing in JEC21. The other part of the peptides shares 98% identity and the conserved functional motifs. Divergence appears after residue 495 in the C-terminus, which may explain the difference in the copper resistance of these two strains. H99 shows resistance to 1 mM CuSO 4 , whereas JEC21 is killed by this concentration of copper (data not shown).
This work reveals more roles of CUF1 in the production of several other virulence traits, namely, alternative carbon source utilization (Lorenz & Fink, 2001 ) and oxidative stress resistance. It is intriguing to think that the Cuf1 pathway may have cross-talks with other well-established pathways, for instance the Ga-cAMP pathway, which has been shown to control laccase, capsule production and virulence (Alspaugh et al., 2002; Kozulbowski et al., 2009) . Addressing this issue may help to complete the molecular network of cryptococcosis and host-pathogen interactions.
